
Wc have carried OU[ polarimctric  observations 10 invcsli~alc  lllc gcomclry of lhc magnclic ficlci

in the gian[ molccul:ir  cloud Monoccms  R?.. “1’his s(udy is based upcm deep R-band C:Cl> polarimclry,

covering a mtfil area of 0.5 dcg2 of LIE giant molecular cloud. ‘l”hc data were calibrated using a ncw

tcchniquc that relics on obtaining broad band photometry of stars  simul[ancously  wid~ polarimclric

photometry of the Mon 1{2 fields, thus providing an accurate means of mcasuririg  {hc clcc[ric  vectors

of starlight which is polarized by the forcgrcmnd dust grains aligned by the magnetic field in Lhc Mon

N GMC. In [his work: (1) wc were able m continuous] y trace rnagnctic  field lines from Ihc largcsl

scales in Mon 1<2 to the detailed struc[urc of the ficki in [hc dense core, as dc[crmincd  from infiarcd

polarimctry,  and (2) wc have found thal lhc arnbicn[  field is apparcn[ly nvxiificd  by a large scale

S[rLICtUrC in the Mon K? cloud. Along wilh gravitational collapse, the cause of the dis[ortcd magnetic

field  is likely to bc rcla[c~i to an expanding gas-shell that  rcccnt observational results al mm

wavelengths now reveal dotninatcs  the Mon 1{2 GMC. “1’hc  CXT) fields arc biscctcd  by a dense ridge

of gas defining [he boundary of the expanding shell. On [he cas[cm (cavity) side of these two fields,

stars have low polarizations and, collcctivcly,  a high dispersion in the mean angle of polarization;

ncvcrthc]css, the average angle  of polarization is approximately parallel LO the ridge. ln con[rast,  along

the wcstcm side, the vectors suggcs[s  continuous rnagnctic  field lines which are approxima[cly  parallel

to the Galactic plane -- as is true for tbc global field in the Galactic disk.
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.“ .~;or smnc lime now” jt 112S  been suspcxlccl  Il)at maglw[ic fields play a rpajor role in dctcnninii]g”  : . ,;:

ltlc mass spcc[rum of s[ars  fonncd in molecular cloud:. ‘1’t)corclical  models of prolostcl]ar  cvolulion  in

a quicsccmt  cnvironmcn[  invoke magnc[ic  iiclds [is onc form of cloud support and onc which has a

dccisivc effect on the minimum  S[dliir mass fonncd (cf. Shu, Acitims and 1.iz.ano  1987; SIN] ct d.

1988). ‘I”hc magnclic field also migl]l  m as an angular n]on]cnlurn  damping mechanism - a vi[al

rcquircmcnl for gravitational co]lapsc  and subscqucn[  sliir formation (Gil] is, Mcslcl  and I’aris 1974;

Mouscbovias 1978). Iimpirical  cvidcncc  of lhc cent ribu[ion  of mafinc[ic  fields to [hc [o[al cnergctics

of molecular clouds comes from analysis of Y,ccmarl split[ing  of 01 I absorption and [hcnnal  emission

lines originating from dense ([] > 1()” cn]-3) cloud cores (Myers and Goodnlalj  1988; I lcilcs et nl. 1991,

and rcfcrcnccs therein). ‘l’hcsc  mcasurcmcnts reveal field slrcnglhs  as large as onc m two crrdcrs  of

magnitude greater than that nmasurcd in tllc diffuse interstellar medium, indicating th:it  magnetic fields

arc cncrgctically  important in dense por[ions of tl]c  lSM.

Mcasurcmcn[ of magnetic field strcngtbs  in molecular clouds ncvcr[hclcss  remains a

fonnidab]c task; conscqucntly,  efforts arc usually focused on dctcnnining the dirccfion  of [hc magnc[ic

field. Wc may infer [he sky-projcclcd  dirccticm  of magnetic fields from magnetic ali~nmcnt  of

ro(ating  intcrslcllar dust graim. Although slight modifications arc apparently in order, the classic

IJavis & Grccnstcin (1951) paramagnctic  relaxation mechanism is generally assurncd to bc the corrcc[

cxJianatiorl of Ihc grain alignmcnl  phcnomcnoll. Since lhc grains arc aniso[ropically  oriented, starligl]t

shining (hrougl]  cloud will bc Ixdarizcd. “1’bus, mcasurcmcr]ts  of [hc polarized far-infrared ihcnnal

cmissior] from the dust grains and optical and near-infrarc{i polari~.ation  by sclcctivc  extinction of

background stars will give the time-averaged dircclion  of the ma~nctic  field (cf. L,cc and Ih-ainc  1985;

I Iildcbrand  1988). l;ar-infrared polarimc[ry  is useful for studying high opacity regions of molecular

clouds, but can only bc carried out above [hc Iiarlh>s  lroposphcrc. Optical polarirnclry  has the

advan[agc [hat it can bc accomp]ishcd  usirlg modcs[ ground-based tclcscopcs,  bu[ i[

of being limited to diffuse media and to low opacity regions (Av < 5) of rnolccular

has the drawback

clouds. Ncar-
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.infr~rcd polarimelry ,hm bc$n g e n e r a l l y  limilcd “hy tlic clcIcctor kctmology. Willl lt]c advc,nl of “  ,  ~ ~,. .

,., ,.
. . . . . ~ s ens i t ive  l a rge - fo rmat  CCIjs rind ncnr:infra”md :CICICCK;B,  opli”cal rind nbar-in,frarcd  polarimctry is r)o.w .,.. . . . .. .

more widely applicab]c  to [hc ovcra]l n)olccular’  cloud cnviro[~nlcllt,

J’rcvious  radio s[udics  of ttlc molecular gas in Mon 1<2 (Ku[]mr and ‘1’uckcr  1975;  I.orcn 1977;

Bally and 1.acta 1983; Mactdalcna  ct al. 1986), as W C]] as rcccn[  cfforls  (Myers-Rice and I,ada 1991;

Xic 1992), and infrared surveys of [hc c.mbcddcd population of stars (Beck with c1 G-I.  1976; ‘1’hronson

C( cl. 1980; 1 Iackwcll  cr al. 1982) have rcvcalcd ttlis to bc a kincmatically  complex region undergoing

vigorous high-mass s!ar formation. Analogous to polarirnc[ric  sludics of dense molecular clouds (cf.

I>yck and L.onsda]c 19’/9), there is some cvidcncc  II]al rnagnctic  fields play an imporlant  rcdc in

rcla[ivcly  lligll-energy cnvironmcnls  such

A (Novak er af. 1989; 1990) suggcsl  that

and has p]aycd a role in the fonna[ion  of

as Mon 1<2. q’hc results of far-infrared polarimctry  of C)rion

[hc magnetic tlcld possesses a substantial dcgrcc  of order

massive stars in this GMC. Sato ct al. (1988) claim that

sornc of the ftattcncd slruchrrcs seen in the p Ophiucbi cloud arc consistent with gravitational collapse

along the ambient magnetic field. 1,ikcwisc, optical and infrarc,d  polarirrrctry  of the Mon R2 core

region (Hodapp 1987; Zantsky et al. 1987; Aspin & Walthcr  1990) reveal a magnetic field geometry

consistent with gravitational con[raclion  primarily along the dircc[ion  of an cncrgctically important

majyctic  field. q“hc apparent long axis of the MOJI  W? core region is perpendicular (o lhc average

rnagnctic  field dircc(ion,  and the field lines suggcs[ curvature possibly duc to contraction along Ihc

direction perpendicular 10 the field. Furlhcrmorc,  the magnetic field dircc[ion  is parallel to the long

axis of the high velocity bipolar rnolccular  outflow (cf. Bally  and I.ada 1983) ccntcrcd near ltlc

cmbcddcd infrared-clus[er. A field direction - outflow axis coincidence has also been observed in

other molccu]ar clouds (I Iodapp 1984; Strom et d. 1986). l’hcorctical  modeling of low-mass star

formation tends to favor a sccnano in which cloud collapse starm along the magnetic field dircc[ion,

forming flat[cnc(i  structures (c.g,. Shu, Adams and l.izano 1987); however, no consis[cnt empirical

cvidcncc have thus far been obtained to verify this (e.g. Vrba, Strom and Strom, 1976 and 1988;

1 lcycr C( al. 1986; Goodman et al. 1990). A more conclusive association bctwccn  star formation and

3
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“’nia~nc[ic  ficlds cqncs from a s[udy,  by. Ai[kcn c1 al: (1993), which finds {h,at.inos[ l}igh-n~a  &., j. ,:
. . . . . . . ,,. . . . . . ,.

,. . .

.pro[~stcllar,  objects posscss  a magnetic ficl~ :~ircclio!~.  lhaf:lics  in” lhc plaric of”their  (ot~id.al’disks  (i:c., .. . . ,, “..

pcrpcnciiculat  10 the oulOow axis). ‘1’his rcsul[ ul)dcrscorcs [tic complcxi[y  of promstcllar cvolu{ion  in

which IIm gas undergoes slagcs of gravi[ional  collapse and mass ou[flow,  all [hc while inftucnccd  by

cloud ro(ation  and the ambient rnagnc[ic field. In addition [0 local cr]vironmcntal  factors, the star

formation may also bc influenced by large scale events, such as shock waves from nearby supcrncrva

or winds from O s[ars. ~’hc Mon R? GMC is a good example. ‘1’o date, the most cxtcnsivc view of

the complex gas struclurc  of the Mcm W? region come.s from the mm-wave study of Xic (1992) and

Xic, Goldsmith and Patcl  (1993). ‘1’hcy dcscribc  tl]c  bipolar outflow as consisting of “cggplant-

shapcd” components panly cornprcssc(i by what  they observe to bc a blue-shif[cd (supersonic)

expanding shell or bubble that  is propagating d]rou~ll (I)c Mot] 1<2 giant molecular cloud.

in (his paper wc present CCI> R-band polarimctric  obscrvaticms of stars located behind the

Mon R2 giant molecular cloud (d - 850 pc; llcrbst and Racinc, 1976; l.orcn 1977). Our goal is to

invcsligatc (1]c overall magnetic field geometry in this high-mass star formation region; until rcccntly,

it has not been feasible to map rnagnctic  fields throughout an entire GMC. By combining techniques

for studying the field in dense regions (infrared polarimctry)  with optical CCD polarimctric tccbnic]ucs

10 measure Ibc magnclic field struclurc  at the largcsl  scales (this StUdy), wc may better understand

issues rcla[cd to the ISM and slar-frmnation, as WCI1 Ihc role c)f magnc[ic  fields in GMCS in rclatiorl to

the Galaxy as a whole (Parker insIabilitics,  spiral density waves, etc.). Wc present the observations,

data and calibrations in the following section, including a brief discussion of the ncw polarimctric

tcchniquc used in this study. In a separate paper (Novak and Jarrctt  1993) wc discuss in greater detail

our polarirnctric tcchnic]uc. “1’hc results of the polarirnc[ry arc prcscntcd  in $3, followed in $4 by a

discussion] of the magnetic field s(ructurc  in Mcm 1<2.

4
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“2. obscrv,:ifi(Jils:l  ft(l”I):lti] . . .,, ; . . ~~ . ,., . . . . . ; . . ~~
. . . .

‘Ihc pola~nlclric data:  collcctcfi  ,in .th’is  pr’ogram “co.risikt  ofopt’ical  CCL> im’ages of fields..l.oward ; ~‘ ‘

Ihc Mon R2 molecular cloud complex. ‘1’hc observations were c~nicd (rut over ii pcrio[i of lhrcc nigllls

beginning January 24, 1992, using a ‘l}ck  2048 CCil  camera mounlcd (ff/.5)  {o li)c  Kit! }’cak National

Observatory 0.9-n]  tclcscopc.  A summary of the pi]ysical  charactcrisiicx  of the detector as WCII as the

tclcscopc can bc found in the 1990 manual operation of Ihc CCD  I)ircct imaging Camera  fhr the 0.9

Meter  lklcscopc  Kitt Peak Nation(rl  Observatory, by II. Sci]ocning ct ai..

l:our linear polarizing filters, wili] position ai)g]cs  O0 , 90°, 45°, an(i 135°, were lc)adcci into a

rotating iillcr-whcc]  assembly. ‘1’hc polarizers arc commercially available pilo[ographic  fihcrs,  with

cm impotlant mo(iificalion. A small hole of size 9/16” was drilic(i  ou[ of tile ccntcr of each polaroid

filter. ‘1’hc cffcc[ivc  area of tile hole is roughly 12- 15% of the CCD ficl(i. A Cousins RC broadband

filter, held in a fixed posilion directly in front of Iim filter-wi~ccl, was cmi)loycd in tandcm with the

po]aroid fillers and CCI> [o complctc  [hc polarimctric  detector sys[crn.  With this configuration,

roughly 85% of the (;0> field is subject to an R-band/polaroid  fiitcr  combination, while the remaining

-1596 of the ficl(i is scrccncd  through Ihc R fiitcr  alone.

‘i’iwcc CCD fields were irnagcd in Mon 112 using [IIC R-band and polaroid  filler combination.

“1’hc iicld areas were -23’ x 23’ each, ccnlcrcd  at loca[ions (epoch 1950): 1) cx = (ih 05”’21’,

& =- -6°22’33”, 2) 6“ (kI”’  36s, -6°05”29”, and 3) 6“ 04”’ 46.2s, -5°39’51”. in addition to the

polarimctry da[a, V and 1 images were obtailic,(i for il)c  Mon R2 fields to provide color informaliorl,

wl]ilc fields which included I.andol[ flux standard stars (1.andolt  1983) and known polanzcd stars were

obtained to provide calibration information. ‘1’i)c  calibrations arc dcscribcd  in [hc following scc[ion.

2.1 I)a(a  Rcduciions

Eacl]  raw CCD image was subjcc[  10 bias and dark current corrcclicms,  flat-field division,

clcanc(i of cosmic rays bits and cosmetic anomdics,  an(i corrcc[cd for atmospheric cx[inction.  lRAF

routines were used for tl~csc cortcc[ions  and tl~c cxlinc[iorr  cocflicicms were cl~cckcd  against mean si[c

5
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vaiucs. ‘I”llq ;avtrii&c  R-b.Wid Cxlinclic)n,  COCffi~iCil[  J;% dcicrmincd  10 bc -O. ] 85, k;l]ich  is roug]dy.  a . ~~.:

fac[?I  of twti larger thar~””[hc  nlcaq,  KI’~0’ value averaged bvcr a’ tcn year period or so (G: Ja:oby,  .

private collllllllilic:l[ic~ll). ‘1’his ‘additional’ Cxtinc.lion  probab]  y rcsullc.d  from Ihc tiny icc parliclcs ill

the upper almosphcrc  ibat  formed from SOz gas rclcascd from [Ilc rccclll  1991 Ml, Pinalubo  crup[ion.

Ncx[, (11c images were corlcclcd  for variations ill a[mosphcric  lrmsmission. ‘1’his  corlccliou was

dclcrmincd from stars localcd iJ~ the cenfer of Ihc image where lIIC filIcr hole was aligned with the

CCIJ field; and thus, the in[cllsilics  were subjccl 10 [Iic R-band filter only. in this way wc arc able to

corrcc[ for SIU all (ransnlission  di ffcrcnccs  t)c[wccn  cxposurc,s  of the four polarizing filters.

‘1’hc next step was m perform syr][hc[ic apcrlurc  p]m[omclry for lhc stars Iocatcd  within the

portion of the CCl~ field subjcc[  to IIIC polarizing [iltcrs. A series of 4 or 5 exposures were taken for

each po]aroid  oricnta[ion,  0°, 90°, 45° and .135°. ‘[’he ili[cnsilics  of each filter were combined into [Ilc

nonna]izcd  S[okcs paramc[crs,  q and u, and avcra[tcd  [o obtain It]c final cs(imalcs  of Ihc Stokes

paramc[crs, Q and U. Here wc bavc followed Ihc conventions of Scrkowski  (1974). In Novak and

Jarr’ctt  (1993) wc dcscribc in detail Ihc mctl~od wc used to csiimalc  the unccr[ainlics  lhal apply to ~

and U. l}ricfty, our method was to usc [I]c s[anctard  deviation of the individual mcasurcmcnts of

S[okcs parameters q and u to dc[cnninc tbc unccr[aintics. I Iowcvcr,  wc modified [his proccdurc

somewhat 10 account for [hc small number of exposures at each polarization angle. I’hc conversion to

the degree, P, and ang]c,  O, of polarization, and their associated unccrlaintics,  follows in IIIC standard

Way.

I:ach star is assigned a V, R, and I magni[udc  based on tl]c broadband images Iakcn at the cnd

of [hc observing run. I:rom l.ando]l standards, wc dctcrminc  [hc (pt<),  (r-l<), (V-R) and (V-1) color

transformation cocfficicnls,  where r is llIC raw R-band ma~nitudc.  and p is the raw magrlitudc  of tllc R

plus po]aroid-fil[cr  combination. ‘1’hc plmlomclr’ic  accuracy of tl]c  color transformations is -1 0%,

wllicll  is not a major concern since tllc primary focus of this study is [o mcxwrc  accurate polarimc.{ric

fluxes.

(1
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. “ 2 . 2  l’ol:lrillwtry  .Calibt”atib]ts  ,  .  .  .. , ,’ ..” ,.

,“ <. . ,..i. . . .

. . in  brdcr to” dctcnn,iqc  the inslrun~cnkl.  jx)lariza[ic>;],  .wc. ot)scrvcd” a’”num~r  of ‘unphlarizcd  S[iirs:  ,;, .” “.

Ioca[cd ii] IIIC M67 cluslcr,  as WCII as onc highly polariml  source in II)C 1.1641 CIOU(I of Orion. A

more cmnplc[c discussion is given in Novak tind  lil~lc(l (1 993).

“1’hc old galac(ic cluslcr  Mfi/ serves as iitl cxccllcn~ calibration field owing to iIs CIOSC

proximity (750 pc; I;ggcn and Sandagc  1964), abundant population and minimal obscuration (Jancs

and Smith 1984). “1’he  polarizations of these stars have not been indcpclldcntly  measured, but arc

probably <0.3% (SCC below). Wc computed the Stokes paramclcrs  for bright stars (R < 13) located

uniformly throughout the CCD field. {)n avcmgc wc measure ().290 as lhc dcgrcc of polarization. ‘1”0

test the uniformity of the fillcrsldctcctor  combination wc divictcd  the CCI> field into 8 contiguous

X,oncs, each of siz.c - 7.7’ x 7.7’. ‘1’hc  dcgrcc of polarization in each zone is cornpamb]c  to the

Cnscmb]c  average and there is JIO indication of a transmission gradient across the field. Wc coJ)cludc

that the upper limit to the ins[rumcntal  polarization is <().3C% (Novak and Jarrctl  1993). Although wc

make 110 correction for this  cffcc[ in lhc measured slokcs  p[iramctcrs,  wc do add 0.3% in quadrature to

the estimated stokes uncertainty AI’.

As a further check of our methods and dclcclor  capabilities, wc observed the highly Polariz.cd

source VSS 18S (Vrba,  S[rom and Strom 1988) located toward the L]641 molecular cloud. q’hc

measured polarization of VSSI 85, 7.34: 0.7%, is consistent wi[h the published value of VSS, 6.9 i

0.6%, within the ICJ error limit.  The angle of polarization, 70 f 4°, is wi[hin 20 of the VSS value 61

3. 10. Wc conclude that t}lc methods used in [his sludy  to measure linear polarization of s[am provide

rcsu][s  that arc consistent witt]  those mcasurcxi  using  standard tcctlniqucs.

7
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. ., ‘I”hrcc j~’”x  23’.  C@ he ld :  were “obscrv!d lgw.tird  thc:Mon  R? rc~ioi].”  “’l”bc firsl ticld . ,”

(Imnccforlh,  Mm] 1<2 Core) is ccn[crcd on Ihc dense core of’ [hc Mon 1{? n~olccular’ cloud, and inclu(ics

as WC1l  lIIc powerful bipolar molecular oulflow ot)scrvcd  by lmrcn (197’/) iind lla]ly and I.ada (1983).

‘J’hc  sccmnd  field (Men R? NW) lies rou[!ll]y  17’ nor’lh and 12’ WCS1 of ll~c core. ‘1’hc third field (Men

1<2 NN) lies roughly 42’ north :ind 8’ WCS( of [hc c.orc.

II) Mon 1<2 Core wc dctcctcd -180 stars wilt)  S/N ratios  >50:1. ‘I”hc R-band magnitudes of

Illcsc  slars range from 12 to 18. ‘I”IIC  bri@t cnd was constrained by tt~c dyllan~ic ran~c of [Ilc c~CI~.

Within the ccnlral 20% of the field (subjccl  only 10 LIIC R-filler) armhcr  ha] f-dozen stars  were dc(cctcd

that had cxpcclcd  pho[omc[ric  crro]s  < 1%. ‘Illcsc  stars were uscct 10 calihratc agains[  variabi]i[y  in

atmospheric lrarlsmission. Of lhc [olal polarirnclric  sample, -50 sources }Ia(i  measured linear

polarizations accuralc  m bct[cr lhan 3cJ, or P/AP >3. ‘1’hc results of lhc polarization rncasurcrncnts  for

these stars arc given in ‘1’able 1. ‘I”hc coordinate positions arc accurate [o 10- 15“. ‘1’hc estimated

photometric error of the V, R, 1 ptmlomclry  is -10%. in Figure 1 (Pla[c 1) we plot [hc R-band

polarization vcc[ors  for the Mon 1<2 Core sources. “1’hc E vcclors  arc overlaid on the R-band CCI>

irnagc of the Mon 1<2 Core region. ‘t’hc lcrrg[h of the electric vectors is proportional to 1’. ?’hc Iargc

circle denotes the area of Ihc field corrcspon(iing  to the hole in the polaroid filters; stars located within

lhc cncirclcd area were used only for flux calibration. Also shown in the figure arc the I-band and K-

band polarization vcclors  rncasurcd by. 1 Iodapp (1987) for (hc ccnlr’al  3’ region of lhc cloud core (and

localcd  wi[hin our ‘hole’ area). 7’I]c Mon 1<2 bipolar molecular outflow long-axis dircc[ion  (Bally and

I.ada 1983) is indicalcd  wi[h arrows dircc[cd [oward lhc no]lh-wcs[ (blllc-shiflcd  gas) and soulh-casl

(red-shiflc(i gas).

in Mon 1<2 NW wc dclcclcd -170 and in Mon 1<2 NN -260 stars wilh SIN ratios  >50:1.

Within the central 20% c)f the NW ficl(i another 5 stars were dctcctcd [hat had cxpcc[cd photomc[ric

errors < 1%, while 7 were dclcc[cd in lhc ccnlcr of the NN field. of the tolal

-80 sources in the Mon R? NW had rncasurcd linear polarizations accuralc  10

8

polarimctric  sarnplc,

bcucr than 3cJ, while
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-45 .WCI’C  measured with ttlis” ac>uracy;i;~ .Mon 1{2. NN. ‘1’llc fcsul 1S d“f “the imlarizaljon  jrl~cqsurcmcnts  .. . , .  .  .  .. . . . .’.
- for the.slars tire givc)l  in “I’ab}c ,1.

. ’ ”
. . . . ‘l”hc  R-bahd. ~larization vccmrs  for @ sources Iota. tcd in .thcse .” -. . .,

“fields arc plotlcd in l:iguri 2 (1’lalc 11) and l;igurc 3 (1’late Ill). ‘1’hc  U vcclors  overlay lhc R-band

CCIJ ilnages of lhc Mon 1<2. NW and NN rc.gions,  mspcctivcly.

3.1 “J’he  I’olarization  Mechanism

1[ is our goal m measure [hc componcnl  of s[arligl][ polari~,c(i  by magnetically aligned grains

in [hc Mon 1<2 molecular cloud. ‘1’his opcralion  is complica[cd  by tl]c  facl lhat  there arc two

a(idilional  components of po]arizcd slarligtu that arc boll] indcpcr](icnt  of magnetic flclds.  Wc consi(icr

two al[crmtivc  polarization mccimnisms:  (1) i)oiariz,ation  by sca[lcring of s[arligh[  from in[crstcllar dus[

associated witil  {hc cxtcndc~i  Mon R2 clou(i.  and (2) intrinsic slcliar  polarization.

First wc consider sca[tcring  by dusl  in Mm] 1<2. Witil  the local young stellar cluslcr provi(iing

the slarligh(  and lhc dense fi]amcnt;iry  gas shwclurcs acting as an cfficicnt  reflector, [bc dominant form

of polariz.aticm  is undoubtedly from a scaucrc{i  cornponcn[. Indeed, it is evident from our (iccp

broadband CCI> data tilat scaucrcd  Iigi]t is plentiful in ihc Mon R? core. }lowcvcr,  it is not likely ti]a[

tiIc net polarization wc measure has an appreciable scattcrcd  Iigi]t  componcn[.  Our method of

measuring the polariy.ation  of sl:irs  relics upon a local background subtraction via aperture photometry.

“1’hc typical siz.c of a photometry apcriurc  is -1 5“, while the circular annulus used the for sky

subtraction cxtcn(is another 5“. ‘1’bus, ti~c scattcrcd ii@ measured in the aperture will exactly cancc]

the sca[tcrcd  ligil[  rncasurcd  in the sky-annulus  (unless there is a strong spa[ial  gradient, over = a fcw

arc seconds in the scattcrcd  ligil[).  1 f, as wc hypolhcsiz,c.  (ius[  grains arc magnetically a]igncd,  [hen

starlight passing [hrough ti]c cloud wiii bc dichroicaiiy  absorbed by tllc grains; [hc rcsul[illg

po]ariza[ion  can bc mcasurui  with respect to [ilc local background mdiation.

Wc i]avc  argued li]a(  our mctilod is insensitive to diffuse-scattcrcd light. Ncvcrhclcss,  w’C arc

still  vulnerable to higidy poiariz,cd iigllt  from young s[ars a&ociatcd  with the star-forming clus[cr.  I’hc

source of this polarimtion is probably (iuc to local scattering from a dusty circumslcllar/cnvclopc



.
Slruclur.c. ~iivcn ll]a[ noflc’of  o(lr ‘% dclcclions  am idc.]~ti,ficd wi[ll IRAS poi’n[”  sti. urccs,  oul,  “ ”.:. . . . . , . .’

obic”ivilions  arc probably nc?t scnsi[ivc cnougtl 10 “dct CC1 very liuy~y of tt lCSC (t yp~call y), bcavjl y ., “” “.
,. ,.

cml)cddcd  objccls. Ncxl  consider intrinsic slcllar’ polarizi~tion”  in ficl(i stars, ln[rinsic polari~.:itions  of

up [o 1 -2% bavc been obscrvc(i  in lfi[c-lypc  gian[s  (cf. J)yck cf. al. 1 W 1). As in (tic case of young

slcllar  objccls, the polari~.a[ion mechanism is most likely I-clatc(i to scal[cring from an anisotropic

media associated wi[b tbc evolved star. I:igurc 4 shows the (a) dcgrcc and (b) ang]c of polarization

distributions for IIW 30 polariz,a[ion  (ic[cclions  (’I”aldc  l).

tbc Mon 1<2 stnrs (SCC I(igurc 4), [hc rcla[ivc c.onlribu[ion

or at worst adds a small tiispcrsio]l  to the measured anfjc

Ilascd on [tic large dcgrcc  of polarization for

from evolved giants is csscn[ial]y ncgligib]c,

of polar  i~.ation.

I;inally,  wc cxpcc{  fcw if any of lhc sources i]] ‘1’able 1 (o belong 10 (tic slcllar Population

lying

since

foreground m tllc Mon 1<2 cloud. l;orc::roun(i  stars  slIoulci  IHIVC very small (< 1%) polarixalion

[hc ]inc-of-sigb[  cxlinc[ion is mos[ likely ICSS tlmn 1 Av. Moreover, [hc cxlcnsivc  polarimctric

mcasurcmcnts  of Matbcwson and Ford (1970) for s[ars

rcprcscnlativc of lhc field slar population) gcncmlly  do

near tbc Monoceros  region (and thus

not show polarizations greater than 1%.

3 . 2  Pol:lrim(ion and VisL]:tl I~kfitlction

in order to belter undcrsmn(i  the relationship bcIwccn polarization via sclcclivc  optical

cxtinc[ion  of slarligtll  and (IIC in[crvcnin~.  ali~ncd  dus[ grains in the Mon R? molecular cloud, wc

constmct a polarization - cx[inc[ion, 1’ vs. Av, rcla[ion.  Iix[inction due [o (IIC molecular clouds was

cslima[cd  for thi lhrcc fields using the following: Ihc mclho(i  of s[ar COUI]IS (SCC Bok 1956; Dickman

1978; Jarrc[t  1992) and the C(3 molecular gas column density. Bo[t) arc briefly (iiscusscd  below.

‘J”hc R-band cxtinc[ion  was initially cic(cnnincd over squares 1.3’ on a side; mean cx[inclions

for larger slar-free regions were compu[cd  according to ihc prcscrip[ion  given by Dickman.  All stars

were treated as background objccis, In principtc,  [his means tha[ [hc cxlinc(ions de[crmincd  at each

location in the cloud are on[y {owcr [itnits. In practice, this simplifying assumption bas varying

impact  on the rcsul(s  of in[crcst  depending on tbc acmal  Mm] 1{2 cx[inction. f:or low opacity, Av < 2,

1()
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w c  CXpCCt ti~oJcthan  ‘/OY~ bf ihc gbscrvcd  slai-~ wi[ll 1< Ipagnihldc$  bl@l~cr ;h:i;~  1 ~ 10 bC 10cfi~qd .. . . .
.,’

,,
. . . . . behind lhc Iimlccul  ar clou.d7. ln. relat ion to l]i[~~cr’~]l)acitic:,  fo r  example  Av - ‘5, .thc. fraclion  ~f. . . .

7 ‘1’llc  stcllrrr  nurnbcr  (icnsi[ics  arc cs[ima[c(i  from a Galactic  s[~lliir distribution mocicl (Jar[cll  1992.).

background smrsisdownto  20%. CoI]sc(]ucIltly,  ~llcs[i\rco[]I~t  method islcsscffcc[ivc  forthc

hcavilyobscured  rcgionsof  Mon R?..

,Al[crnativcly, avcry good traccrofthc  dust  cxlinclion  ist]lc  Illo]ccu]fir  gasco]uIllll dcllsily.

‘1’hc gas coturnndcnsity  istypicall  ycslimatcd  from C(l J = 1 - Ocmission line data. Xic (1992)

estimated IIIC visual cxlinclion  of the Mon 1<2 GMC usi]lg 13~~co]11111rld  cIlsi[ics.  “l”hc gaSCO]U1llll

densities wcrccs(imi][cd from ‘~CX)and  13(;0([tlc  lattcrwas:ic(ltlirc(it  )yIlally,l  .a]]gcr,&  I.iu 1991)

using the I.1’ii ]ilc[hod  (Dickman  1978). Even [hougll iilcrc  is a fi~iramotrnt  of tmccrlainty  in Ihc

absolulcconvcrsion  10 Av, lhc rclalivccx(inclion  Shou]d bc rcliab]c formodcrtttc  to high opaci[ics.

Given Iilc  s[rcnghs  and wcakncsscs  of lilt two mclimds dcscribcd  here, wc cornbinc  lhc

cxtincliorr  cstimalcs accordingly: for Av <2, wc usc the slar counls, and for Av >2, the molecular gas

column density. The rcsuliaru visual cx[inciion values range from 0.5 to 30 magnitudes. ‘1’hc relative

cxtinc[ion values corresponding [o lhc s[ars wi[i~ 30 poiariza[ions  arc given in tbc last  column of Table

1. Figure 5 shows the P vs. Av rclaiionsilip  for li]c Mon 1<2 stars  in “1’able 1. Also shown in I;igurc 5

is tile P/A ralio of 3, which is the upper limit oi)scrvcd  fc)r s[ars in tile field (i.e., lhc diffuse inicrs[clla[

medium; cf. IIi]tncr  1956). Allimugh [here is a significant amounl of scatlcr in li]c  P 10 A

rclaiionship, ti~crc  arc fcw points for which the ratio has a value mucil  greater than 3, suggcsiing  tha[

(i~c grain alignment rncchanism in Mon R? is probably similar 10 lhat  functioning in the general

in[crslcl]ar medium. Consis[cnl wilh lhis  conclusion, lhc ovcrali P-A lrcnd seen in Figure 5 is lhal of

increasing polari~,ation  wi[i~ cx[inclion,  in wilicil  (hc peak polarization occurs for Av - 3 - 4. For the

. .

heavily obscured regions of the Mon R2 fields ti]c polarization tippcarx to be decreasing or at Icasl

remain flai wiih incrcasirrg  extinction. ‘i’hc sca[[cr in the rcla[ion  is aiso incrtasirrg  wi(h extinction.

11
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‘1’his  rcsultis co[lsislciu  willi  tilhcr  polar  itnixric  sludics of Ino!ccular  clo@s (cf. .Vr[)aj stro!n and StrOn~
. . . .’. ,

1976).’ It l~as been l~y~lhcsizcd thal’ll)c  causc of.tilis  cffccl  is related IO the” [iusl grail~s thcmsclvci;. ,.

l~amciy, for (ICIISC regions [hc cf[icicncy of [~)li[riz.ii(ion is iowcr relative to more diffuse itrciis.

Ciaylon  and Car(iclli  (1988), for cxami~ic,  have ar~:uc(i that tl~c effect may bc indicative of an

increasing ratio of tolal-lo-sc]cc[ivc  cxlinclion,  Rv, (iuc to a grain poiwlation  with increasing physical

siz.cs via coagulation of smali  dusl  grains. (h] (I1c olllcr han(i, Myers & Goodman (1991), Jones

(]ggg),  ~lld Jones C[ a] (]gg~), ~Inon[: o[],crs, ]):,vc :Irgucd t]]at ttlc ~c{:r’cc of polarization,  as wcil  :is

the dispersion in lhc dircc[ion of imlariz.alien, arc innucnccd primarily by the line of sigilt  colull”ln

density of the polarizing dust grains an(i magnetic fieki  geometry. An important assurnp[ion that these

models adopt is that (I)c magnetic ficki is cornposc(i  of a uniform and raruiom component. ‘1’hc basic

i(ica is that as the star]ight  passes ttlrough Ihc rnolccular  cioud it Cncountcrs  clumps of gas, Cach of

which is coupicd  10 a nonuniform (or t’:{JldOJll)  componcnl  of the ambient magnetic field. ‘i’bus, there

is a characteristic scale length corrcsponciing to an opacity at which Lhc random component of lhc

magnc[ic field dccorrclatcs.  The flattening of P in l:igurc 5 rn:iy bc indicative of a changing magnetic

ficht  geometry as the line of sig}lt  extinction incrcascs,  wllcrc  the dccorrciation  opacity is -3-4 A~,.

3.3 Polarization Ficid

‘1’here am several notable features in tile po]mimctry  of lilc Mon 1{2 fields. iJl  llIC cknJci  core

(i’igurc  1), with ti]c cxccplion  of the norlh-cast  quad ranl, the average angle of polarization is 140 i

25° (SCC aiso Figure 4b). ‘1’here is JICaI  aiignlncnt  of tl~c polarization vectors wilil ttlc rnolccular

outflow bipoiar axis (al -140°) in bolil  the south-cast, O = 150 f 31°, an(i nr)rlh-wcsl, O = 120 f 29°,

directions. I.ikcwisc, in lhc south-western qua(irarlt  ti]c polarization vcclors  arc aligned on average 145

d 18°. l“hc coincidence suggests d possibic  conncc[ion  bclwccn the ou[flow and (i]c cloud ma.gnclic

field (SCC $5). In conlras[  to ti~csc results, the north-cast quadran[ of the Mon R2 Core field exhibits l;

vcc(ors that arc aligned at position angle 30 f 27°. q“his  polarization is roughiy coincident wi[h a

ftlamcnt of dense gas M cx[cnds ra(iialiy  (at -500) from [hc out(low ccnlcr (SCC Xic, Goldsmith,

1?

&
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.l’alcl 1993). “f’hcsc R - b a n d  polariz.a[ion  rcsul,ts “ar~,,con<istcni  wi[h ‘ t h e . t r c h d  sccI\ ?t s~nqllcr spa[ial”  ~ .. ..

..’.
scales in smdics  by Zwi[sky  ,et. al. (1!)87), who mcasl].iccl  R-band polarization” wilhin a“.9’ .’x 9’ mgic)ll  “. . . . .

iil>~>l-oxilll:llcly  ccntcrc{i on the core, and 1 Iodapp’s  (1987) l-txind and K-band polariz.ali”on of Ihc

cclltral core Of Mon R? (the polari~ii[ion”  vccmrs arc SIIOWII  in I:igurc  1).

With Il)c cxccplion  of llIC norll]-cas(  quadranl,  IIlc polariza[ioll  rcsulls  suggcsl  that the arnbici)[

n] agnc[ic field corresponding [o the Mon R?, cloud  core region is d ircclcd at position angle ] 20 - ] SOO,

par;illc]  wilh the major axis of the bipolar molecular ou[ftow aid rougtily  coinci(tcll[  with tllc galaclic

plane, at -155°. Whereas ihc polarization rcsul[s  of Ihc norlh-cas[  cpradranl  suggcs[ [hat lhc arnbicnt

magnc[ic  field gcomc{ry  }las been significan[]y modified wi(h at Icas(  a 70° change in ctircc[ion.  C1ivcn

t}lc closc proximi[y  of a rccc[l[  burst of higt]-m:iss  s[ar forma[ion in Ihc dense cloud  core, [hc I)cnt field

n]oq)llology  may bc incticativc  of a “supcrcri[ica]” mode of s[ar formation (cf. Shu, Adams, & L.izano

1987). In addi[ion  to s[ar forma[ion,  in $5 wc consider [hc in flucncc of a shock wave on the field

geometry.

in (}1c  Mon R2 NW and NN regions (SCC [Jigutcs  2 & 3), tllc average angle of polarization is

comparable to [hat of Mon 1<2 Core a[ least  along” fhe wcsicrn  .~ide of rhcsc field.$ where O = 153 d

34° for Mon 1<2 NW, and O == 127 i 30° for Mon R2 NN. ‘1’hc  cohcrcncy of the polarization vcclors

appears to dccrcasc in [hc norih-cas[crn  quadrant of Mon R2 NW, and in the eastern half of (11c Mrm

}<2 NN field. Mosl of the slars  in lhcsc  areas have polarizations ICSS than 1%. An opaque ridge of

gas bisects lhc NW field and diagonally crosses the NN frcld. Within the narrow dust ridge itself, our

R-band observations were noI sufficicn[ly  deep [o dclcct  s[ars located behind this feature or their

polari~.ations.  “1’o the cast of the ridge, corresponding 10 a region of apprcntly  krwcr extinction, there

arc very fcw slam with measurable polarizations. Ncvcr[hclcss,  [hc eastern cnscmblc  of stars with 230

polarizations has an average vcclor dircc[ion  20 f 56° in lhc NW field, and 93 f. 43° in lhc NN field,

roughly pm-ai/c/  [o IIIC ridge (al -00 in NW and 60° in NN). ‘1’o [be WCSI of [hc opaque ridge, [Ilc

extinction appears to bc rcla[ivcly  grcalcr  than 10 the cast and IIlcrc arc considerably more slars wit})

‘3G polarizations; nolc however, [IIC [ypicat dcgrcc of po]ar-iza[ion  in (})c NN field is roughly a factor



‘of two ICSS dIan Ih;lt  ‘oF(IK  NWand  {,’OIC (iclds  (see :Figuw 4a), “.wl!icb ii] all probabili~y  r~la~c.s IO ,a . . ““ ‘‘ .,. . ,., . ,. . .. . . .

dus[ o~iaci[y  gradicn[ c“xtcnciing radi illly from’ (Iw COI’C.”
.,

‘l’tic c o m b i n e d  pi)ltiriiali’o;l  rcsulis  suggcsj  thi”t ., ““. .

t}ic ambicllt  magnclic  Iicld IIlrcads Ilm wcs[crn side Mon R? GM(; ;i[ a projcz[c(i  angle IWWCCII 12’()

and 1600. Along [IIC cas[ern  si(ic, [IIC rcsuils suggest (a[ lcasl in (IIC Grc region) lhal  lhc ficki  has

been nlo[iificd by some ccmlbinalion  of gr’iwili(m~l  collapse ii])d stmck  Ccrmprcssion.  In ttlc tlcxt

sc.ction wc (iiscuss this sccn:irio.

4 .  Iliscussion

1[ is cvicicr][  [IHI Ihc itlfcrrc(i  magnetic  field s[ruclurc  of Mon R? is far from simple.

I’olarimc.try  of [he Lhrcc CCL) frclds prcsmmi  in Ibis work rcvca]s  an ovcrxll  s[ruclurc  common to

cacb field and consistent wi(h [Ilc local Galactic ma~nctic  ficl(i,  but with signi  fican[ (ii ffcrcnccs.  “1’lIcsc

nonuniform ilics  arc related 10 boll) small-scale changes in lt]c  gas associa(cd

wi[h massive star forma[ion,  and (o Ihc large-scale altcralioll  of tllc cloud geometry by a stlock

compressed gas shell. l:or tiw sake of clarity, wc corlsidcr  [hcsc domnins separately in lhc following

discussion.

4.1 SnEill-Scale Field Strucfure

The “core” region -. the location of onc of lhc rnosl  cncrgc[ic  and complex bipolar ou[ftows

observed in molecular clouds and the silt of rcccnl high-mass star fonnalion -- is cilaractcrizcd  by a

significantly dislorlcd  field slructurc. ‘1’tlis  (iis[or[ion  appears [o origina(c from [hc dense cloud core

(1 lodapp 1 ~87) and cx[cnds ou[ 10 (I1c boundary of [hc core region. It has been hypothcsi~,cd  by

1 lodapp (198-/) thal this (iistortitm  of the rnagl]ctic  field s[ruc[urc is (iuc to the cffcc[s  of gravitational

contraction along [hc ambient magnetic ficki axis and cloud ro[ation. As the dense asymmetric core

forms, lhc rnagnclic  field lines, which arc frozen into tbc gas, bend towarci  lhc ccntcr of [lIC struclurc.

Our polarirnctric  data supporw this pi~ysicai  scenario

roughly pcrpcnciicular  (* 200) 10 the long axis of the

10 [IN CXICIU ttla[  the Iar.gc scale rnagnclic  ficid  is

inner core region arl(i 10 the txmt ficlci geometry.

14



,

. . . Alll~ougl]  Ihc nlagnclic  fickt is. probably  nol a dyn?lllically  ‘dominan(  comp~ncrlt  in lt’lc. rcccnt sKN’. . ”,. . .

formation,”  it is l,ikclythal the @M’ pla~c.d an impcirlanl”  r’olc”in  slowing the ~r~vitational  collapse, ai@’. . . .. .-

corlcs~>oll(lillgly,  in [tic form of lhc smllar  m:iss  func[ion. As no[cd in lIIC r-cvicw by Stlu,  A(iarns,  and

I ,izano (1987), in supcrcrilical  cloud collapse, lhc mag,nclic forces arc ovcrwhclmcd by [hc cloud

gravitational forces rcsul[ing in a bending of Ihc magnetic ficl(i,  and subsequently, amplification of the

ficlct s!rcng[h. ‘1’hc  tension bctwccn  the magnclic  field lines Iclld to oppose lhc inward fall of gas

(which is dragging the field wi[h it) so that the gravitational collapse is cffcc[ivcly  ‘(diluted”.

“1’here arc a number of Pactors  that potentially confuse [hc simple pic[urc dcscribcd  above.

These arc all related to the fact  that lhc physical crlvironmcnt of tbc Mon [/2 cloud core is far from

quicsccnl (as was once though[).  in addi[ion  to turbulent gas motions, tl~c dense core of Mon 1<2

possesses a massive bipolar molecular outflow, -1047 ergs (Bally and l.ada 1983),  by far the dominant

energy source in the core. An outwardly radial-dircctcd  wind from the young object may transfer

enough energy to the local surrounding media that it functions as tbc dominant form of cloud support

(relative 10 gas turbulence or dlc magnetic field). ‘1’hc  coincidence bctwccn  the projcctcd  magnetic

field swucture  and the bipolar’ axis suggests that the outflowing gas from this objccl  is prcfcrcntially

expanding along the magnetic field -- which is also coincident with the direction of [hc largest density

gradient. l;urthcnnorc,  the 700 change in the ang]c of polarization observed in the notlh-cast quadrant

of Figure 1 (which wc interpret as a twis[ in the magliclic  field) appears to tmcc a toroidal gas

structure (cf. “1’orrcllcs  ct al. 1983) associated with the protostcllar  object. ‘1’hc toroid  is perpendicular

10 ihc bipolar outflow axis (Xic and Gokismilh  1993).  ‘1’his rcsull  has also been observed in other

young stellar objects; for example, Ailkcn ct al. (1993) observed that lhc angle of polarized infrared

light  as seen through the densest regions of Iligh-mass  protoslcllar  objects tends 10 bc perpendicular to

the outflow axis and coincident with the plane of their toroidal  disks. lt should bc noted that wc scc

no cvidcncc in our polarimctric  data for a toroidal  skwcturc along Ihc south-west direction of tbc

bipolar ou[ftow,  which by symmclry  should lw opposilc  to lIIC north-cast feature (SCC I;igurc 1). This
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,, nlll] r&vlt  qiay bc rclalcd 10 jrlcli[ult.jell ~i’l~cls  ([tic oulllow is ‘irdinc(t -7(Y’ relative 10 lhc line of - . ;.. .. . . .

~. . ‘sight) and” to thi .Iargc cx~ir~c;iqf~;  .Av. >> 1 (). I]c’ar Il~c core (Xic 1“992).’  “ .“ . .
. . . . .

As prcvious]y  discussed in $3.2., II)C correlation bc[wccn ll~c observed polarization and tlm

magnclic ficl(t  gcomc[ry  is cornplicalcd  by (I1C f:icl ltla[  lt)c opilCily in lllis region is twl]l  larg,c and

clumpy. As seen in [hc R-band images, Ihcrc arc many dark clumps and filaments observed in

projection across the Mon 1<2 field, and prcsumab]y,  lhcrc arc clumps sikratcd  along [hc line of sight.

“1’llus,  WC arc cffcclivcly  measuring ltlc inlcgm[cd

magnetic field gcomc[rics  along the lirlc  of sig,h[.

Somc[hing like ] Av (:IS SU~gCS[Cd by Jones cl iii.

rcprrscn[ scvcrat  (ii ffcrcnl field dirccliorts  and IIlc

dichroic  absorption of starligtr[  througt]  diffcrcn[

If [hc magl]ciic field dccorrcla[ion  lcng[h  is

1 992) [hen [lIC polar-izcd  ligll[ wc rncasurc should

dispersion in LIIC angle of polarization stlou]d bc

corf-cspondingl  y high (primarily duc 10 [Ilc norwni f(mn componcnl  of [tic rnagnctic  field; cf. Myers &

CWodman 1 991). in lhis cxlrcmc  case, ltlc  polarization is more rcprcscntalivc  of changing opacily (in

comt>inatioIl  wilh Ibc unctcrlying  magnc[ic  field geometry) [ban a dircc( measure of [I}c magnetic field

slnrc[urc.  ]ns[cad  of a “bent” mag,nctic  field morphology, the complex polarizalicm  in [hc north-cast

quadrant of the Chrc field (I:igurc 1) may instead rcflccl the comp]cx clumpy gas structure  in this area,

Empirically, however, wc find lha[ ~hc dispersion in the angle of polari~.ation  is small for this field,

which implies that LI]C polarization is tracing a unifonil  rnagnc[ic field swucturc.  Also, tlw dcgrcc of

polarization [o cxtinc[iori rcla[iori  (1’igurc  5) crudely suggests [hat [hc dccorrclation  opacity is

somcw}lat  larger, more like -3-4 Av (as discussed in $3.2). in tliis  cfisc,  (I]c optically polar-kcd ligtit

[ravcrscs  a[ rilost  LWO uncorrcllalcd  niagllclic  field gcomc[rics;  coriscqucntly,  [tic  cxpcc[cd dispersion in

[hc angle of po]ariza[ioli  should bc small - our polar  irilc[ric  rcsulls arc more compatible wilh ttiis  Icss

cxlrcrnc case.

4 . 2  I,argc-Sc:!le  Field Strwlure

Rcccrit obscrvaliorral results al mm wavclcng[hs  reveal an expanding gas-shcl] now dominates

the Mon 1<2 GMC (Xic 1992; Xic, Goldsmi[h  & PaIcl 1993). The expanding gas bubble is irnmcnsc,

16



,,

. - 3 :  ii], diamclcr  (cIossiI]g  Iirnc of.  -l’O’ ycaris),  w“ilh  a pr’ojcclcd  $c!llcr’ (Origiri) -3ti  casl  o f  t h e  c l o u d  Y “,.. .,,. . . . .
dorc an~.. iocatcd bcl~i[]d  ihc bulk of IIW Men”]{?  cjoud. ‘I’l{c.cslimalcd  n]cchimica]  ct!krgy of ‘Lhc shell, . : . ‘..,. . . .

is 1 (JIY ergs. ‘1’llc wcslcm fron[ of IIlc I)llbblc.  sllc.11, col”l’csl~oll(litl~~”  (0 Iligll-dcllsi[y  gas > 1 (11 cnl-3

lnoving  aI 3.5 -4.5 knl/s  (VISR - 11 - 14 km s“]), is clcar]y seen as an opaque ri(i~c  in our Mon 1<2

NW and NN fields (1’igurcs  2 an(i 3). ‘1’hc aulimrs  suggest that  Iilc  main ccnlral core, including lhc

oulflow and cm bc(idcd s[cilar  cluslcr,  forms a “pcninsul;  i” slruc[urt Cxtcnciinfi  info dic cavi[y or

iws[slmck  region (SCC I:igurc 1). ‘1’hc cavity side, oricnlcd towar(i ti)c cast  rcla[ivc to our three

polar imctric  frclds, is ci)arac[crixcd  as a i)o[ low (icnsily  mc(iium  wi[i~ } Iz dcnsi[ics  ICSS then 100 C01-3.

‘J’hc cas(crm  side of Mm] J+2 NN (I;igurc 3) bcsl illuslralcs  Il)c low cx[inc[ion  cavi[y rcgio]t.

‘1’hc ra(iio  dala provi(ics  clear cvidcncc  lllat li]c iargc  scale gas s[nrc(urc  of Mon R2 ilas

undcr~onc  asymmetric cornprcssion.  Since IIIC ma}:nclic  ficki is froz.cn into tlic gas, tile 11 field

gcomc[ry slmul(i  also bc modi [ic{i by [t~c cxpan(iing sllcli.  In ad(iilion,  silock waves can alter the

vcloci[y  iichi  and can dcimsi[  energy in[o lhc medium - cilhcr of lhcsc twc3 mechanisms can result in

a dislortc(i  field in ti]c pos[-simck region. Wc may explore tilis  i)ossibili[y  by comi)aring  [hc

polanmclry  in Lhc tilwc fichis  wi[il  li]c corrcspondi]lg  molecular gas rnori>hology. I’igurc (I shows a

gl”cy-sc:ilc  rendering of tile ‘2(X) J = 1 -0 peak antenna lcrnpcraturc  for li]c Mon 1<2 core and vicinily.

Also indica[cd  in };igurc 6 arc Ihc [hrcc polarimc[ric  iiclds, Core, NW and NN (denoted by large

boxes) an(i thci r corresponding It vectors. 1[ can bc seen lhal a curving ridge of dense gas extends

norlhward from the core (soud]crnmosl  box) ti~rough he ccn[cr of ti]c NW field and tiwough lhc

caslcrn side of Ii~c NN ficl(i.  I;igurc 6 compacily  i]ius[r:itcs  ti~c coilcrcn(  magnetic field smcturc along

the wcstcm si(ic of tiIc  CCll  ficl(is  wilh an average direction -1200 io 1700,  whicil  is roughly

coincidcn(  will] li]c  iocal  Galactic rnagnclic field -- as is true for (}IC global  field in the Galactic disk.

‘1’hc gas kinematics arc ralhcr  comi)lica[cd  near the western shock front of Mon 1<2 (partly duc to

projcc[ion  effects), and tires it is not clear if any of the regions [o tile WCS[ of the opaque dust rid.gc

(which wc identify as ti]c  expanding shclt) hvc been affcctcd by the compression wave.

Conscqucn[ly, wc cannc)t  ur~:ir]~t)igllf)llsly  conclu(ic iiu)[ Ihc coi]crcnt  magnetic field threading tile gas in

1 “1



il~c wcstcm region .of our.~CIJ  licl& rcprcscnt.s  tlIc al;]bicn[  .[~ri]ncirdial  licld  c~f. MOJI, 1<~. ‘ .  .

~evcrthcIcss,  it i.v.r&lm-kafic  that “the largct part oJ.[Ac  rno~netic  j)dd itz Mm R2 appears  ~o ..bc -

mirmilhal widl [Iic Ga[mtic  plarrc. ‘1’his  r e s u l t  i s  i n  accordatm  will] [hc f’arlicr inslabi]ity  (1’arkcr

] 966), WhC.rC  lllO]CCU]:lr c]ouds WCigh down l]lc Ill:l~IICliC  fic](i  and COIISII:I;II ;(S s[r’ucllllc  a]onfl  (hc

j)lt~IIC  Of lIIC GilliiXy. Curiously, [his is nol seen quilt so clearly in oriori (Vrba, Strom & Strom

1988), another gian[ molecular clou(t  of[cn conncctcd  with Mon 1<2 due [o dtcir unusually large

dislocation from Ihc ga]aclic  plane. Sonic au[tlors  (cf. I;ranco  C[ al 1988) l~avc. proposed models

explaining the common origin of [hc Mon 1<2 and orion  gian[ molecular clouds, while also directly or

indircc[ly  rcla[ing d~is “cvcnl”  wi[h d)a~ of Gould’s Bcl[.  Nc~[\vi[l~stat~dillf{  the comp!cx”i[y  of orion’s

magnelic field s[ructurc, tlIc coincidence of (I1c magnc[ic  ficl(i dircclion  irl Mon 1<2 arid dIc Galactic

plane dircctiorl  is si~nificant  iind  needs to bc invcs[i[:aicd  in olhcr  GM(;s.  In the followi!lg  discussicm,

wc adopt 150° as the nominal sky-projcclc(l  ambicm magnclic  field dircciion.

In i[s simplcs[  form, rnagnc[ic field distortion rcsul[ing  from ii shock wave depends on the

anfilc bctwccn d~c ambicn[ field dircc[ion  and (}1c  shock front. ‘l”hc mmponcnt  of B parallel 10 lhc

shock fronl is compressed and amplified, while lhc orthogonal conlponcnt  dots not change. ‘1’hc shock

front of IIIC gas shcl]  expanding into the wcstcm ponion of Mon R2 appears m bc inclincct  roughly

40-50° m [hc 11 frcld in the NW and NN regions, and perhaps 10-2.00 to (11c ambicn[ field in the

Core region. If our in[crprc[a[ion of (}IC gcomclry is corrcc[,  [hen wc would cxpcc[ a distortion in lhc

ambient nla~ylclic  field coun[cr-c]ockwisc  from 150° - however, it must bc emphasized that the

magnc[ic field geometry inferred from linear polarization is limited to the [v’(~-(iir~lcllsiol)al  plane of

lhc sky. llascd solely on [hc gcomc[ry,  the largcsl measurable dislollion  should bc in [Ilc NN region,

followed by d]c NW region, and finally the Core region. Given Ihc complexity of the clorrct/shell

gcomclry, as WCII as our very simplistic approach, wc acknowlc(tgc  that  Ihc sccnano  dcscribcd  here

may bc largely in error, particularly for the sou[hcrn mos[ fields (Men R? Core). ]ndccd,  as already

nolcd lhcrc appears 10 bc significant distortion in IIIC magnclic  liclci wilhin Mrm R2 ~orc,  in which [bc

polarization vccmrs corresponding 10 [hc north-cast quadrant arc inclined -7010 Ihc rcsi of the Core

. . . . .
.
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. . rcgiol].  }<a[hel lhal~ any .sipgli’ doni,ina[ing, fmor, thq bcri; iickl, morphology “is roost Iikclj  the
. . .

. .
.,.

c o m b i n e d  r&ul(  of  gmvitionfll  c o l l a p s e  A,n(i a vcclorccl (asyl]lmcl,ric)  fo rce .  ,  : . :. ~
. .

]n’ COIl[riiSl  10  lllc well-defined Core I; vcc[or Oricn(a[ion, lhc polarization rCSUllS for I1lC cas[crll

side of [hc NW and NN field -- cc)rrcsl)O1~(lil~f:  10 [I)c cvacuatcd  side of (1IC cxpan(iing shcli  - is

characlcrizcd  by slars  wilh rclalivc]y  low pcrccnlagc  of polarization and, sigt)ificantly,  a nearly

incchcrcnl dis[ribu  Iion of clcc[ric  vcc(cm. “1’hc  low pcrccn[agc  of polarization in the NN region is ctuc

10 the rc]a[ivc paucity of gas and dust  (Av < 2), since most  of it has been swept up by lhc cxpan(iit]g

bubble stlcll.  LJnforlunatclyl  this circumstance means IJ):I[ forc~round intcrslcl]ar  c]ou(is situated along

Itlc ]illC of sighl  can have comparable polarizations [0 lha[ of (hc molecular c]ou(i  itsc]f.  I’or CXiW]p]C,

if the cxtinc[ion  fmcgroun(i  to Mon R2 (d - 850 pc) is -().6 Av, (Ilcn the dcgrcc of polarization duc (o

forcgroumi  clouds can bc as large as -().9 - 1%. “1’hc  cnd effect is a large dispersion in [hc angle of

polarization. III addi[ion  to foreground clouci contamination, hot and turbulcnl  gas in the post-shock

region may also contribute to a large (iispcrsion  in 0. C)ur [iata appears 10 confirm these suspicions:

for the eastern half of the NW and NN regions wc find O == 10 i 56° and 95 f 43°, rcspcclivcly.  In

other words, the dispersion along the cas[crn side of the Mon J{2 fields is roughly twice as large as

that measured for t}lc wcs[crn side. No(withslan(iinl:  [hc large dispersion in 0, the average angle of

polarization suggests tba[ tbc magnetic field has undergone a coun[crclockwisc  distortion of -40-60°.

At this point wc {iraw attcr]tion  to an importanl  polarization fc:ilurc in LIlc NW field. ‘1’hc

average angle of polarization for the sources located in lhc south-wcsl  quadrant of Mon R2 NW is 173

i 23, which is offset -25° counter-clockwise from tl]c nominal IJ field direction (SCC Fi.gurc  2 and 6).

III accc)rdancc with [Ilc prccc(iing (discussion, this rcsull  suggests that tbc gas in this c]uadrant is pall of

the shock COJ])prCSSCd  shc]t. ‘Il]c  ‘*CO obscrva[ion.s  (l;igurc 6) and parlicular]y,  the 13C0 gas column

dcnsilics (Xic 1992) arc consistent with this conclusion. ‘1’hc  polarization vcclors  just to the south of

this quadrant (anti sligh[ly casI,  corresponding [o the nor[h-west quadrant of Mon R2 Core) arc aligned

at 120 i 29°. As traced by [he ,gos and mo~jnctic  field, wc appear to be viewing  the projected

curvature in dlc shock cotnprc.s.scd  .rhcl/. If tflis is in(iccci ttlc case, then it musl  bc that nearly all of



lhc ~as will)in lhc lhric  CCI) ‘ f i e l d s  ‘ i s  pos[stixk  or .al Lcasl parl of’ Olc. cxpiln(iiilg  St;cll. 1[ lhcn “ “ . . . .

f o l l o w s  lM the cohcrmif  ‘nlagnclicficld  slruclurc inferred from our polarirnctry”  niay not tw lrul.y .’ .‘.
. “

rcprcscnlativc  of the am bicn[ (pl-cstmck) lna{ywlic Iicld gcoinc[ry. Additional polarimctric

mcnsurcmcnts of fields 10GIKA  [0 [Im wcsl of lhc cxlxmding stlcll  are nccxwrry in order 10 verify our

conclusion [hat [hc am bicnl magnclic fidd  is dirccld at position :in[[lc - 1 5 0 0 . A fu[urc  KI’N{) date

lms been schc(iulcd in order m carry ou[ ttlis pmjccl.

4 . 3  Combined  lJicld  Structllrc

in ihc con[cx[  of i~l~ cncrgclic stmck wave prop;i~atint:  [llrougll  LIIC Mon 1<2 gianl molecular

cloud, the magnclic  field tines have been dis[orlcd by (Ix cxpa{]ciing sl]cll Icavillg  a compressed or

swept-up magnclic field struc[urc  near lhc intcrfacc. A possil)lc  oulcomc  of just SUC}) a distortion,

which includes arnplifica[ion  in [hc magnc[ic  Iicl(i,  is local clumping of the gas and subscqucrrt

gravila[ional

nmlhcrn  gas

10 bc deeply

collapse. “1’his  may have mccntly occurlc(l in Ihc Mon R2 complex. Atigncd  along lhc

ri(tgc, in lhc posl-slmck  rcgirm, lllcrc arc [ens of IRAS poirm sources which arc presumed

cmbcddcd young stars (Xic 1992.). in con[rasl,  lhcrc  arc fcw If<AS point sources along

[hc wcstcm side of the GMC. “1’hc location and agc of these sources suggcs[  shock-triggered star

formation, and to which wc conclude (hat the primary form of cloud support beyond the dense core,

the magnc[ic  field, has been significantly al[crcd. ‘1’his mode of star fonnalion is certain to bc

common throughou(  the Galaxy. in a polarization study of the CMa RI association, for example,

Vrba, Ilaicr]cin  & }lcrbst  (1987) similarly find (IM[ tt]c  underlying rnagnctic  field has been dis[ortcd  by

a shock wave. In the case of CMti R], a proximal supernova provides the vcctorc(i  force that distor[s

the ambient 11 field and trip,gcrs a hursl of slar formation ilt[crior  to the “amplifrcd”  magnetic field.

Both in Mon 1<2 and CMa R 1, a Iargc scale structure has significantly altered tl]c cloud environment,

from lhc ]argcst size scales, in which we observe filamentary gas morphology and curvature in the

arnbicnt  magnclic field

star formation events.

gcornctry,  10 the smallcs[,  in which wc dc[ccl  local clumping of gas and reccnl
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MOT] R? it]]d complications duc [o IIIC massive bi])(>li~r OUIflOW  and expanding bulMc shcll, it remains

a very difflcul[  task IO undcrsmnd lhc magnc~ic f-icld  geometry. Ncvcrlhclcss,  [hc rcsul[s of [his study,

in conccr[  with (hose of ihc ccn[ral  C)rion  A []]olccl]liir  C1OU(I (Novak et d 1989), suggest  lhal

magnc(ic fields arc an imporianl  compmlcnt  m massive s[ar forma[ion regions.

6. Sllmmry

Wc have carried OU{ pol:irimclric  obscrva[ions  [o study [hc mtignctic  field slruc[urc  of the Mon

1<2 gian[ molccu]ar cloud. ‘1’hc  polarimclry  w a s  calibra[cd  us ing  a n c w  [Ccllniquc  Ihat I-clics 011

ob[aining  [Jhommctry  of SM]-S si[~ll)l[:~l~co~lsly wi[h polarimctric  p]m[omc[ry  of objcc[  fields, thus

providing an accurate  mc.ans  [o measure the polarization of electric vcc[ors for slars observed through

the Mon R2 cloud. ‘l$hc m:iin  poinls an(i conclusions of this work may bc summariy.cd  as follows:

. Wc ob[aincd deep R-bond CCII polarimctry  of lllrcc  fields located towards lllc Mon 1<2

molecular cloud, covering a [o[al  area of ().5 square dcgrccs. The polarimclry  was complc[c

for all slars brighlcr  lhan R - 18, comprising more than 600 stars. of lhis total, -170 stars

ha(i measured polarizations wilt) 230 accuracy.

. ‘1’hc polarizations for sources observed

consislcnl  wi[h sclcclivc  cxlinc[ion  via

lhrough Ihc Mon 1<2 molecular cloud have values

a gr:iin  alignmcnl  mcclmnism similar to tha[ functioning

in Ihc general in[crs[cllar  mc(iium. ‘1’llc ovcmll lrcnd is of increasing polarization  will)

cxiinc[ion,  up 10 Av - 3, at which [hc polarization appears m bc decreasing or at least remain

ftat  wilh increasing extinction. onc  possibility is [ha[ for lhc dense regions, the efficiency of

polarization is diminished in comparison m [ila~ of more diffuse areas. Anolhcr  possibility is

thal the magnetic iicld gcomclry  ctlangcs iiccoding  10 [l)c number of gas clumps along lhc line
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of sight  -“ as liwasurcd,  “1’rom ltuj lolal  Iinc  of siglll.,op;igi[y: In [}lis  case, Ll)c cbiil-ticl;listic

. .
dc~orrclalion  opac i ty .  i s  -3 Av. .“

‘1’IIc Mon R? “core” lll:ignc[ic Iicld s(nlc(urc is comprised of [Ilrcc dislillc[  fc:itul”cs  [is in fcncd

frcrm IIlc polal-iz;ilion  vccmrs:  general alignmcn[ parallel m lhc lol]g axis of Itlc  cloud filamcllt,

coincidence with lbc bipolar molecular outflow axis and lbc local Galac[ic  magnc(ic  field, al](i

fimlly, distortion or bending Ioward [I]c ion:  axis of (bc clowi core. ‘1’bc la[tcr two fcalurcs

suggcs[  ll~al  magllctic  ficl(is  play all ilnporlanl  mlc in massive star fomla[ion  regions. in

addition to gravita[ionai  an(i rola[ional  s[l-csscs, ano[lwr nlccilanism lila[  Conlribu[cs  10 lilt

ctismr[cci  magnclic  ficl[i  is [in cncrgc[ic stmck wave, which rcccn[ mm-w:ivc obscrva[ions

reveal is now (iomina[ing the Mcm it2 complex.

‘1’i]c polarimc(ry  suggcsls  con[inlli[y  bclwccn  ltw nolltlcnl  an(i core general magnc[ic  field

slructurc. “1’tlc mean :inglc  of polarization for s[ars  loca[c~i  alm]g lbc wcslcnl  side of Iilc tbrcc

(;~i~ ficl(is is -150 f 35°, which is rougilly  coincident wi[ll  tile local G:ilactic magnetic field.

“J-O tbc north of (bc Mcrn 1<2 c.orc region, lbc polari~.a[ion vectors cxhibil an increasing crosicm

in cohcrci~cy  as seen from wcsl  [0 cas[ :icross  llic  C(;IJ ficl(is. ‘1’hcsc C(3) fields arc biscctcd

by a dense ri~igc  of gas wilicb  :ippcars  [o bc [ilc boundary of a slmck comprcwxi  shell. Our

pol:irimc[ry  su~gcs[s [ba[ lilt cxpan~iing  si~cll ilas  ciis[or[c(i  [ilc  ma[:nctic  ficl(i lines cx[cnding

from tbc core [o ti~c nor[hcrn g:ts  struclurc  comixising MOI1 R?.. O]ic possible conscqucncc of

li)c simck-;illcrcd  magnc[ic [ic](i is a I-cccnl burst of smr fonll:iliwl  a]ol)g [}IC C:i SICI-l) b~ltndi{r)’

o f  tbc g a s  ri(i~c.
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k’igure 1 (I)!aie  ]) 1<-txNId  ,po]arizalirxl  Vcclors.  pO1l’csJx)Idi[ig  JO  “1’ab]c ] s o u r c e s  Ovcr]aid on R-band

CCD image of [I]c Mon 1<2 Core rc~ion. ‘1’llc lcn[!lt)  of !hc clcclric  vcclorx  is propollional  10  I ’ ( % ) .

“1’he large circle  cicno[cs  [Ilc  arcii  of ttlc field corrcspording  10 lhc }Iolc

band and K-band polarization vccmrs  (} lodapp 1987) for I}W ccntrd  3’

in [lIC poliiroid  f i l t e r .  “1’tlc  1-

rcgion of IIIC cloud core arc

1 “1a so s 10WI1. ‘1’he Mon 1<2 bipolar molecular outflow long-axis dircclion  (Bally and I.ada 19S3) is

indicated with arrows dircclcd  [oward lhc norlh-wcs[  (blue-shif[ed gas) and south-cast (red-shifted gas).

l“igurc  2 (1’lat e 1 I) R-band poliiti~;i[ion”  vcclors  tori csponding [O ‘1’able

CCIJ image of [hc Mon 1<2 NW region. ‘1’t lc sym bo]s used arc dcscri  bcd

1 sources overlaid on R-band

in I:igurc 1.

Figure 3 (l>latc 111) R-band polarization vcc[ors corresponding to “1’able 1 sources overlaid on R-

band CCD image of [hc Mm) I-C?  NN rc.}:ion. ‘1’hc symbols uscci arc dcscribcd  in Figure 1.

F’igure 4 (a) Dis[ribu[ion  of dcgrcc of polarization, l’(%),  and (b) angle of Polarization, O (dcgrccs),

for the Mon 1<2 sources (’I’able 1) givcll  as his[ogl  ares.

Yigure  S Pcrcen[agc  polarization versus visual extinction for s[ars observed through [hc Mon K?

cloud (’I’able 1). Also indica[cd is the P/A upper limit  observed for field s[ars observed lhrough

diffuse intcrslcllar clouds.

Figure 6 12C0 J = 1 -0 pc;ik  an[cl)rlii [cmpcrature  foi [t~c Mon R2 core and vicinity. The

tcn]pcratum (and grcy-scale) ranges from 1 Icr 1 S K; contour lCVCIS correspond [o 4 and 8 K. ‘I”hc

grcyscalc is overlaid by [hc polarization vcc[ors of [hc [hrcc fields observed in [his sludy,

Cow., NW, and NN regions, from soLIth 10 rlorlll.
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‘1’:ll)lC NOICS: “1’I]C c(mrdin:llc  posiliotls  :Irc ilCClll[llC 10 1()  - 1 5 “ .  ‘1’tlc cslima[cd

plm[omc[ric errors  of the (V, R, 1) plmIomcIry is -1 ()%. ‘1’lrc dcgrcc of’

lmlariz:itiotl,  f’, ; md i[s unccr[ain(y,  Al’, arc cxprc,sscxl as pcrccnlagc.s.  ‘I”hc

angle of pol:{riza[ion,  O, tin(i its unccrlainty,  AO, arc cxprcsscd  in dcgrccs

counterclockwise from Jwsilion  angle ()’) (nor[]]).  ‘1’hc  visu:tl  cxliw[ion,  Av, is

cs[imatcd  from II)C molccul:]r gas colutnn dcllsi[y  of Mm  1<2.
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